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SDIA method is technically simple. ES cells are grown in a flat 
culture from single cells into colonies. Second, neural differen- 
tiation of ES cells is not only efficient but also speedy; the 



We previously identified a stromal cell-derived inducing activity 
(SDIA), which induces differentiation of neural cells, including mid- 
brain tyrosine hydroxylase-positive (TH+) dopaminergic neurons, 
from mouse embryonic stem cells. We report here that SDIA induces 
efficient neural differentiation also in primate embryonic stem cells. 
Induced neurons contain TH + neurons at a frequency of 35% and 
produce a significant amount of dopamine. Interestingly, differenti- 
ation of TH+ neurons from undifferentiated embryonic cells occurs 
much faster in vitro (10 days) than it does in the embryo («5 weeks). 
In addition, 8% of the colonies contain large patches of Pax6 + - 
pigmented epithelium of the retina. The SDIA method provides an 
unlimited source of primate cells for the study of pathogenesis, drug 
development and transplantation in degenerative diseases such as 
Parkinson's disease and retinitis pigmentosa. 

Initiation of vertebrate neural differentiation in the embryonic 
ectoderm is triggered by inductive signals emanating from 
axial mesoderm (1, 2). In Xenopus, neural inducers from Spe- 
mann's organizer such as Noggin and Chordin play a major role 
in this process (3, 4). The neural inducers bind to and inactivate 
bone morphogenetic protein (BMP), which suppresses neural 
differentiation of ectodermal cells and promotes epidermal 
differentiation. In Drosophila, Sog (fly homologue of Chordin) 
is a positive regulator of the initiation of central nervous system 
formation and antagonizes the activity of Dpp (fly BMP homo- 
logue), suggesting a conserved role of BMP and anti-BMP 
signals in neural determination across species (5). 

In amphibians, suppression of BMP signaling is proven to be 
essential and sufficient for neural induction in ectodermal 
tissues. In mammals, by contrast, very few experimental data 
have been available regarding the mechanisms underlying early 
neural differentiation. Recent studies have shown that attenu- 
ation of BMP signaling is essential, but not sufficient, for neural 
differentiation in mouse embryonic stem (ES) cells. Addition of 
BMP4 suppresses neural differentiation of ES cells both in 
floating culture (embryoid body) (6) and in substrate-attached 
cell culture (7). However, blockade of BMP signals by adding 
soluble BMP receptor-Fc chimera proteins or by overexpressing 
Chordin does not significantly promote neural differentiation of 
mouse ES cells, suggesting that some additional signaling is 
required for mammalian neural induction (7). 

We previously described a strong neuralizing activity present 
on the cell surface of stromal cells and named it SDIA (stromal 
cell-derived inducing activity) (7). In the absence of exogenous 
BMP4, mouse ES cells efficiently differentiate into neural 
precursors and neurons [>90% cells become neural cell adhe- 
sion molecule-positive (NCAM + )] when cultured on SDIA- 
possessing mouse stromal cells (PA6 cells) for a week. The SDIA 
method has several advantages in production of neurons as 
compared with previous embryoid body methods (8, 9). First, the 



postmitotic neuron marker TuJ (class III /3-tubulin) appears on 
day 4-5. Finally (and most importantly), SDIA-treated ES cells 
differentiate into midbrain dopaminergic neurons at a high 
frequency; 30% of neurons derived from mouse ES cells are 
dopaminergic and produce significant amounts of dopamine. 
These cells survive at a reasonable rate (~20%) 2 weeks after 
implantation in mouse striatum and extend dopaminergic neu- 
rites into the target tissue (7). 

Considering the usefulness in medical research, we have 
recently established pluripotent embryonic stem cell lines from 
blastocysts of Macaca fascicularis (cynomolgus monkey), which 
is commonly used in preclinical studies (10). ES cells derived 
from primate (human and monkey) blastocysts possess a number 
of characteristics distinct from mouse cells, such as surface 
antigens, leukemia inhibitory factor-independency, and long 
doubling times (10-14). In this study, we have tested the SDIA 
method with primate ES cells and investigated its potential 
application for producing medically useful cells. 

Materials and Methods 

Maintenance of Primate ES Cells. Cynomolgus monkey ES cell lines 
were established, and their pluripotency was confirmed by 
teratoma formation in severe combined immunodeficiency mice 
as described previously (10). Undifferentiated ES cells were 
maintained on a feeder layer of mitomycin C-treated mouse 
embryonic fibroblasts in DMEM/F-12 supplemented with 0.1 
mM 2-mercaptoethanol/l,000 units/ml leukemia inhibitory fac- 
tor/20% knockout serum replacement (GIBCO)/4 ng/ml basic 
fibroblast growth factor. Subculturing of ES cells was performed 
by using 0.25% trypsin in PBS with 20% knockout serum 
replacement and 1 mM CaCb as described (10). 

Induction of Neural Differentiation of Primate ES Cells. PA6 cells 
were plated on type I collagen-coated chamber slides (Falcon) 
or gelatin-coated dishes and used as a feeder cell layer (7, 15). 
To strictly avoid contamination by incidentally differentiating 
cells, we manually selected undifferentiated ES cell colonies with 
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Fig. 1. Neural differentiation of monkey E5 cells by SDIA. (A) Phase contrast 
image of an undifferentiated ES cell colony, (8 and O Alkaline phosphatase 
(ALP) staining and SSEA-4 immunostaining of undifferentiated ES cell colo- 
nies respectively. Arrows indicate colonies of ES cells. Surrounding cells are 
feeder cells (mouse embryonic fibroblasts). (D) SDIA-treated ES colonies 
stained with anti-NCAM antibody. (£) SDIA-induced neurons double-sta.ned 
with anti-NeuN (green) and TuJ (red) antibodies (high magnification view). (0 
Suppression of neuronal differentiation by BMP4 and serum. Serum (instead 
of knockout serum replacement) was used in the differentiation medium. 

stem cell-like morphology (tightly packed cells with a high 
nucleus/cytoplasm ratio; see Fig. L4). Undifferentiated ES cell 
colonies were first washed twice with GMEM medium supple- 
mented with 10% knockout serum replacement/1 mM pyru- 
vate/0.1 mM nonessential amino acids/0.1 mM 2-mercaptoetha- 
nol (differentiation medium). After trypsinization for 5 min at 
37°C, partially dissociated ES cell clumps (10-50 cells/one 
clump) were plated on PA6 cells at a density of 500 clumps/ 
10-cm dish and cultured in the differentiation medium for 3 
weeks or indicated periods. Medium was changed every third 
day. Unlike mouse ES cells, monkey ES cells do not form 
colonies from single cells on PA6 cells. Low cloning efficiency 
. has been also reported for human ES cells (12-14). It is therefore 
necessary to plate clumps of 10-50 undifferentiated ES cells for 
starting induction. Two independent ES cell lines (CMK 6 and 
9- normal karyotypes) were used and found to give similar 
results. In some experiments, 0.5 nM BMP4 (R&D Systems) 
was added to the differentiation medium on day 0 and at each 
medium change. 

Immunostaining. The antibodies were purchased from Chemicon 
(NCAM/polyclonal/used in a dilution of 1:300, TH/polyclonal/ 
1-100 NeuN/monoclonaI/l:100, ChAT/polyclonal/l:20, pe- 
ripherin/polyclonal/l:100, and dopamine-beta-hydroxylase 
(DBH)/polyclonal/l:200), Diasorin (serotonin/polyclonal/ 
1:1,000), DSHB (IsleM/monoclonal/l:200, and SSEA-4/ 



monoclonal/l:50), Santa Cruz Biotechnology (GAD/poly- 
clonal/l:10), Babco (Richmond, CA) (TuJl/poIyclonal/l:600 
and Pax6/polyclonal/l:500), and Medac (Wedel, Germany) 
(CCK-8/polyclonal/l:100). The specificity of these antibodies 
was tested by using appropriate tissues or cells as positive 
controls. Cells were fixed in 4% paraformaldehyde and incu- 
bated with primary antibodies. Localization of antigens was 
visualized by using secondary antibodies conjugated with FITC, 
&i§P : Cy3, or horseradish peroxidase. FITC-phalloidin was purchased 
from Molecular Probes. 

Positive colonies were defined as colonies containing positive 
cells regardless of population. To estimate the efficacy of the 
differentiation at the cell level, colonies were randomly selected, 
and the numbers of positive cells were counted after a 3-week 
differentiation period. The numbers of total cells were examined 
by using DAPI, YOYO-1 (Molecular Probe), or anti-human 
nuclei antibody (Chemicon; also recognizing monkey nuclei). 
When necessary, data are given as mean ± standard deviation 
obtained from at least three independent experiments. 

Detection of Dopamine. Monkey ES cells were cultured on a PA6 
cell layer for 3 weeks and were incubated for 15 min in Hanks 1 
balanced salt solution (3 ml/10-cm dish) containing 56 mM KC1 
to induce depolarization of neurons. Then, the media were 
stabilized with 0.1 mM EDTA and analyzed for dopamine 
by using HPLC with fluorescence detection as described previ- 
ously (16). Results were validated by coelution with authentic 
substances. 

RNA Analysis. Reverse transcriptase-PCR was performed as 
described previously (4). The primers used are as follows: 
Lmxlb, GCAGCGGCTGCATGGAGAAGATCGC and GGT- 
TCTGAAACCAGACCTGGACCAC; Nurrl, CTCCCA- 
GAGGGAACTGCACTTCG and CTCTGGAGTTAA- 
GAAATCGGAGCTG; Nrp-l/Musashil, CGAGCTCGA- 
CTCCAAAACAATTGACC and TCTACACGGAAT- 
TCGGGGAACTGGTA; and glyceraldehyde-3-phosphate 
dehydrogenase, GTGAAGGTCGGAGTCAACG and GGT- 
GAAGACGCCAGTGGACTC. PCR products using these 
primers were confirmed by sequencing. 

Culture of Pigmented Epithelium. After monkey ES cells were 
cultured on a PA6 cell layer for 3 weeks, a patch of pigmented 
cells was mechanically isolated by using a 200-/il tip and plated 
on a fresh PA6 cell layer in differentiation medium or on a 
collagen I-coated dish in DMEM supplemented with 10% FBS 
and 20 ng/ml basic fibroblast growth factor. The pigmented cells 
grew reasonably fast in both cases and could be replated at least 
twice. 

Sorting Neural Cells. The cells were dissociated with 0.25% tryp- 
sin-EDTA for 10 min at 37°C, filtered with nylon mesh, spun 
down, and resuspended in Hanks' balanced salt solution con- 
taining 1% BSA. After incubation with allophycocyanin- 
conjugated anti-CD56 antibody (NKH-1, Beckman Coulter) for 
20 min at 4°C, positive cells were sorted with FACS Vantage SE 
(Becton Dickinson). Sorted cells were cultured on a laminine/ 
poly-L-ornithine-coated dish and were immunostained with 
neural- and neuron-specific antibodies such as anti-NCAM 
(cytoplasmic domain) and TuJ, respectively. 

Transplantation Experiment For 6-hydroxydopamine (6-OHDA) 
treatment, 6-week-old severe combined immunodeficiency mice 
were anesthetized with pentobarbital and fixed on a stereotactic 
device (Narishige, Tokyo); 6-OHDA (8 mg/ml) was injected 
unilaterally with a glass needle at three sites into the striatum as 
described previously (7). SDIA-treated ES cells were implanted 
into the ipsilateral striatum 7 days after 6-OHDA injection. 
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Animal experiments were performed in accordance with insti- 
tutional guidelines. 

ES cells were cultured on PA6 cells for 3 weeks in differen- 
tiation medium. Differentiated ES colonies were detached en 
bloc from feeder cells by treatment with collagenase B (1 mg/ml) 
and DNase I (25 Mg/ml) for 5 min at room temperature. Clumps 
of differentiated ES cells were labeled with 5 ^g/ml CM-Dil in 
PBS supplemented with 4 mg/ml glucose for 20 min at room 
temperature, rinsed twice with GMEM, and then suspended in 
GMEM. By using a blunt-ended 26G Hamilton syringe, 9 x 10 4 
cells (containing 1 X 10 4 TH + neurons) were slowly injected into 
the striatum (A + 0.9, L + 2.0, V + 3.0) over a 3-min period. In 
controls, suspension medium was injected. Two weeks after the 
transplantation, recipients were anesthetized and perfused with 
4% paraformaldehyde in PBS. 

Results and Discussion 

Induction of Neural Differentiation in Primate ES Cells on PA6 Cells. 

The monkey ES cell lines CMK 6 and 9 (10) used in this work 
express high levels of undifferentiated state-specific markers 
such as alkaline phosphatase and SSEA-4 (ES colonies are 
shown by arrows in Fig. 1 A-Q but not the pan-neural marker 
NCAM (data not shown), even after maintenance in culture for 
more than 6 months. 

We applied the SDI A method to primate ES cells with minor 
modifications (see Materials and Methods). After culture on PA6 
cells for 2 weeks, extensive neurites were found in a majority of 
primate ES cell colonies (97 ± 3%, n = 78), which contained a 
large number of cells positive for NCAM (neural precursors and 
neurons, Fig. ID) and postmitotic neurons positive for class III 
0-tubulin (TuJ) and NeuN markers (Fig. IE). At the cellular 
level, 45 ± 13% of the SDIA-treated primate cells (n = 420) 
were NCAM-positive neural cells, and 25 ± 6% (n = 660) were 
TuJ-positive postmitotic neurons. When primate ES cells were 
cultured on a gelatin-coated dish without PA6, less than 1% of 
cells became NCAM+ (n = 530). Our previous study with mouse 
ES cells has shown that SDI A treatment induces NGAM and TuJ 
in 92% and 53% of mouse cells, respectively (7, 15), indicating 
that the efficiency of neural differentiation in primate ES cells 
by SDI A is about half of that in mouse cells. One possible 
influence on this neural/non-neural ratio might be the qualita- 
tive difference of the non-neural cells. Non-neural cells in the 
SDIA-treated primate colonies were mostly fast-growing E- 
cadherin-negative mesenchymal cells, whereas those in the mu- 
rine colonies were slower growing E-cadherin-positive epithelial 
cells (unpublished observations). 

We next examined inhibitors of neural differentiation in 
primate cells. Our previous study with mouse ES cells has shown 
that BMP and serum inhibit neural differentiation of mouse cells 
(7). Similarly, addition of BMP4 (0.5 nM) or FBS (5%) effi- 
ciently suppressed neuronal differentiation in primate cells (Fig. 
IF), suggesting that primate and mouse ES cells respond to the 
same positive (SDIA) and negative (BMP and serum) factors in 
neural differentiation. 

Induction of Dopaminergic Neurons from Primate ES Cells. SDIA has 
been reported to induce TH + dopaminergic neurons efficiently 
from mouse ES cells (7, 15). We therefore tested whether similar 
findings could be obtained with primate cells. After 2 weeks of 
induction, 80 ± 12% of the colonies contained TH + cells (n = 
40; Fig. 24). At the cellular level, 35 ± 6% of the TuJ + 
postmitotic neurons were TH-positive (n = 560; Fig. 25). Next, 
the amount of dopamine released upon depolarization was 
analyzed by HPLC assay (Fig. 2C). The SDIA-treated ES cells 
released 1.0 pmol/10 7 cells in response to high K + depolarizing 
stimuli, indicating that they contain a significant number of 
functional dopaminergic neurons (Fig. 2C Lower, authentic 
substances in Fig. 2C Upper). In addition to dopamine, norepi- 




Fig. 2. SDIA-induced neurons contain a high proportion of dopaminergic 
neurons. (A) lmmunostaining of SDIA-induced neurons with anti-TH antibody. 
(8) A high magnification view of SDIA-induced neurons double-stained with 
anti-TH (green) and TuJ (red) antibodies. Yellow neurons indicate TH + neu- 
rons. (O Detection of dopamine secreted by SDIA-induced neurons. Reverse- 
phase HPLC patterns using the 1,2-diphenytethylenediamine-derivatization 
method are shown. Dopamine and norepinephrine standards were used to 
validate the results (Upper). {Lower) A black line shows a chromatography 
pattern of the medium conditioned with differentiated ES cells. DA and NE 
indicate peaks of dopamine and norepinephrine, respectively. The dopamine 
and norepinephrine peaks were not detected in control medium (conditioned 
with feeder cells only; a broken line, Lower). (D) SDIA-induced neurons were 
examined by staining with anti-TH, anti-DBH, anti-CCK, and anti-GAD anti- 
bodies. Proportions of DBH~, DBH\ CCK\ and GAD* neurons in TH + neurons 
are shown. (£) SDIA-induced neurons were stained with anti-TH (green) and 
anti-peripherin (red) antibodies, (f) Reverse transcriptase-PCR analyses with 
markers (Nurrt, Lmxlb) of mesencephalic dopaminergic neurons. (G) Surviv- 
ing TH + neurons in the striatum 2 weeks after grafting. Arrows and arrow- 
heads indicate cell bodies and neurites of TH + neurons, respectively. 

nephrine was also detected at the level of 0.5 pmol/10 7 cells. 
Consistently, 81% of TH + neurons (28% of total neurons) were 
DBH-negative (dopaminergic neurons) on day 18, whereas the 
rest were DBH-positive (norepinephrinergic/epinephrinergic 
neurons) (n = 200) (Fig. 2D). The dopaminergic neurons 
induced by SDIA were CCK-negative (positive in A10 neuron; 
ref. 17) and GAD-negative (positive in olfactory bulb dopami- 
nergic neurons; ref. 18) (Fig. 2D). We next asked whether these 
TH + neurons have characteristics of central nervous system or 
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peripheral nervous system neurons. SDIA-induced TH + neu- 
rons were negative for peripherin, which is a specific marker for 
PNS neurons (19) (n = 200; Fig. 2E). Further, reverse tran- 
scriptase-PCR analyses (Fig. IF) showed that SDIA-induced 
neurons expressed midbrain dopaminergic neuron markers, such 
as Nurrl and Lmxlb (20), whereas neither undifferentiated ES 
cells nor feeder cells did. 

We next implanted SDIA-treated primate ES cells into the 
mouse striatum by the stereotaxic method. The striatum is a 
target nucleus of midbrain dopaminergic neurons and contains 
dopaminergic fibers but not cell bodies of dopaminergic neurons. 
SDIA-treated primate ES cells containing 1 X 10 4 TH + neurons 
were grafted into the severe combined immunodeficiency mouse 
striatum from which dopaminergic fibers were depleted by 
6-OHDA treatment as described previously (7). Two weeks after 
implantation (Fig. 2G), 8.3 ± 3.2% of implanted TH + neurons 
(arrows, cell bodies) survived and extended neurites (arrow- 
heads) in the tissue. This value is roughly comparable to that in 
the previous mouse study (7). We are currently attempting 
implantation into the monkey brain to evaluate long-term sur- 
vival of primate TH + neurons. 

Temporal Regulation of Primate Neural Differentiation. The time 
required for fetal development varies significantly among dif- 
ferent mammalian species. The gestation period of mice is 20 
days, whereas that of M. fascicularis is 160 days. This large 
difference in time (8-fold) resides mainly in the lengths of the 
organogenetic and the fetal periods rather than in the early 
embryonic period. 

We therefore examined temporal regulation of neuronal 
makers during SDIA-induced neural differentiation in primate 
and mouse ES cells. The neural precursor marker Nrp-1/ 
Musashil (21) was detected on day 4 and onward both in primate 
and mouse cells by reverse transcriptase-PCR analyses (data not 
shown). Next, temporal expression profiles of NCAM (pan- 
neural) and TuJ (neuronal) markers were analyzed by immuno- 
staining as shown in Fig. 3 A and 5, respectively (closed, primate 
cells; open, mouse cells). The expression of NCAM and TuJ took 
1-3 days and 3-5 days longer in primate cells than in murine cells. 
TH + cells (Fig. 3C) first appeared on day 10 in the primate 
colonies, whereas the onset of TH + cell generation in the murine 
colonies was between days 5-7. 

The genesis of midbrain TH + neurons occurs during the 
organogenetic period. TH + neurons first appear in the murine 
midbrain on E10.5-11.5 (22, 23). In mice, the number of days 
required for dopaminergic neuron differentiation by SDIA in 
vitro (7 days) is roughly the same as that for in vivo genesis of 
TH + neurons from the inner cell mass (7-8 days) (ref. 7 and Fig. 
3C). In Macaca, TH + neurons are reported to first appear about 
5 weeks after implantation (24). By contrast, in vitro induction of 
TH + neurons from primate ES cells by SDIA took only 10-12 
days (Fig. 3C), showing that primate TH + neurons differentiate 
from undifferentiated embryonic cells much faster in vitro than 
in vivo. One explanation might be that the speed of cell differ- 
entiation is actively reduced in primate embryos to allow suffi- 
cient numbers of precursor cells to accumulate for construction 
of the large primate brain. Regardless of the reason, in practice, 
the SDIA-based approach carries the advantage of requiring less 
time to produce dopaminergic neurons than had been expected 
from the in vivo time course. 

Other Neuronal Markers Induced in SDIA-Treated Primate ES Cells. We 

next examined characteristics of TH-negative neurons induced 
by SDIA with various markers (Fig. 4). In addition to TH + 
neurons, the SDIA-treated primate ES cells gave rise to GAD- 
positive (GABAergic; 20 ± 8% of postmitotic neurons), ChAT- 
positive (cholinergic; 5 ± 3%), and 5HT-positive (serotonergic; 
1 ± 0.5%) neurons (n = 300). The proportion of transmitter 




14 (days ) 














100 


g 

>* 
c 


75 


o 
o 


50 


o 




+ 


25 


1- 






0+ 




0 



14 (days ) 




14 (days ) 



Fig. 3. Time course studies of neural marker expression using mouse (open) 
and monkey (closed) ES cells. Mouse and monkey ES cells were cultured on a 
PA6 feeder layer for indicated times and stained with anti-NCAM (A), TuJ (B), 
and anti-TH (Q antibodies. 



profiles is similar to that found with SDIA-treated mouse ES 
cells (7). Interestingly, neurons positive for Islet-1 (marker of 
motoneurons and dorsal root ganglion neurons) were found in 
primate cells (5 ± 3%, n = 160) and in mouse cells (10-15%; 
K.M., H.K., and Y.S., unpublished results). 

Generation of Pigmented Epithelial Cells from Primate ES Cells. One 

unexpected finding from the primate study was the appearance 
of epithelial cells with massive pigmentation, which was rarely 
observed in SDIA-treated mouse ES cells or in primate ES cells 
cultured on the collagen-coated dish (unpublished observa- 
tions). After culture on PA6 cells for 3 weeks, large patches of 
pigmented cells were present in 8 ± 4% of the primate ES cell 
colonies (n = 200; Fig. 5A) and grew at a constant rate on the 
feeder cells. The polygonal morphology with a compact cell-cell 
arrangement (Fig. 55) was reminiscent of the pigmented epi- 
thelium of the eye (25) and clearly distinct from pigmented 
melanocytes derived from neural crest (26). Further, phalloidin 
staining showed polygonal "actin bundles" typical for pigmented 
epithelium (Fig. 5C) (27), rather than the "stress fiber" actin 
staining found in neural crest-derived pigment cells (28). From 
an ontogenic view, the pigmented epithelium of the eye is a 
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Fig. 4. Expression of neurotransmitter markers and lslet-1. SDIA-induced 
neurons were stained with anti-TH, anti-GAD (GABAergk), anti-ChAT (cho- 
linergic), anti-5HT (serotonergic), and anti-Islet- 1 antibodies. Positive rates per 
postmitotic neurons are shown. 



derivative of the diencephalon and has the same origin (optic 
cup) as the neural retina. Consistently, pigmented epithelial cells 
from primate ES cells were positive for the optic cup marker 
Pax6 (reviewed in ref. 29) (Fig. 5D). These cells could be easily 
isolated manually under a dissecting microscope with a pipetman 
tip and expanded to conf luency on PA6 cells as a feeder layer or 
on a collagen-coated dish without feeder cells (Fig. 5E; see 
Materials and Methods), 

The pigmented epithelium of the eye is a target tissue of 
autosomal recessive retinitis pigmentosa. Therefore, the avail- 
ability of primate pigmented epithelia generated in vitro should 
facilitate the pathogenetic and therapeutic studies of this retinal 
degenerative disease (30, 31). Also, because pigmented epithelia 
are derived from the optic cup, the SDIA method with modifi- 
cations offers the potential to generate neural retinal cells such 
as photoreceptor ceils in the future. 

Application of Dopaminergic Neurons Derived from Primate ES Cells. 

In this report, we have shown that primate cells are successfully 
coaxed to differentiate into neural cells by the SDIA method. 
Although the percentage of neural cells in primate cell colonies 
is about half of that in mouse ones (45% vs. 92% as discussed 
above), this may be partially compensated by selective sorting. 
Using single-step FACS purification with the neural-specific 
surface antigen CD56 as a selection marker, SDIA-induced 
neural cells can be enriched by «2-fold, i.e., to the purity of 90% 
NCAM+ and 54% TuJ + (unpublished data; see Materials and 
Methods). Also, neural precursor cells may be enriched by using 
a combination of other surface-sorting markers shown in recent 
studies, such as CD133 + , CD45", CD34", CD24 low , and PNA low 
(32, 33). 

The ability to produce primate dopaminergic neurons by this 
simple in vitro preparation should greatly facilitate research in 
numerous areas of Parkinson's disease therapeutics (34-36). For 
instance, monkey dopaminergic neurons provide good in vitro 
systems for drug screening concerning the function or survival 
of dopaminergic neurons and for toxicity testing of substances 
potentially harmful to dopaminergic neurons, such as rotenone 
(37). This approach can be modified to a semi in vivo system 
by grafting these neurons into the severe combined immuno- 
deficiency mouse brain. Also, primate dopaminergic neurons 
prepared by this method can be used to raise monoclonal 
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Fig. 5. Pigmented epithelium induced by SDIA. (A) Bright field view of 
induced pigmented epithelium in a primate ES colony. (B) High magnification 
view of pigmented epithelium 3 weeks after replating on a collagen I-coated 
dish. Note the polygonal shape of the cells. (Q "Actin bundles" in the pig- 
mented epithelium stained with FiTC-phalloidin. (D) Immunostaining with 
anti-Pax6 antibody, (/nset) Bright field view. (£) Schematic illustration of 
experimental procedures for expansion of pigmented epithelia. TH* colonies 
did not contain pigmented cells {n = 200). 



antibodies against dopaminergic neuron-specific surface anti- 
gens for sorting. 

Our present and previous (7) works have demonstrated that 
SDIA can induce dopaminergic neuron differentiation from 
murine and non-human primate ES ceils. Considering the close 
phylogenetic relationship between humans and Macaca (both 
belong to the family of Catarrhinii the suborder of Anthro- 
poidea), it is expected that the SDIA method should be 
applicable to the generation of dopaminergic neurons also 
from human ES cells. Over the last decade, a number of clinical 
efforts have been made for neuronal transplantation therapy 
for Parkinson's disease (38). Grafting fetal midbrain tissues 
into the striatum significantly improves motor disorders in a 
substantial number of cases. The bottleneck of this therapeutic 
strategy has been the supply of neurons along with the 
accompanying ethical issues. The SDIA-based approach offers 
a practical alternative to brain tissues from aborted fetuses. As 
a first step toward this goal, we are planning to perform 
therapeutic studies by implanting primate dopaminergic neu- 
rons generated by SDIA into the l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP)-treated monkey brain. At the 
level of efficacy shown in the present work (where dopami- 
nergic neurons occupy 28% of postmitotic neurons, which are 
25% of total cells), ~5 x 10 7 total cells are necessary to 
successfully implant 3 x 10 5 dopaminergic cells (an expected 
therapeutic dose for neural grafting) (38), given that the 
survival rate after grafting is 8%. This indicates that only a 
dozen culture dishes are needed for one transplantation, 
demonstrating the practical feasibility of this approach. 
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In conclusion, the SDIA method is a promising approach that 
brings stem cell therapy for Parkinson's disease toward the 
practical level. 
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